Two-dimensional surface waves are a cornerstone for future integrated photonic circuits. They can also be beneficially exploited in sensing devices by offering dark-field illuminations of objects. One major problem in sensing schemes arises from the individual sensing objects: the interaction of surface waves with an object reduces the field amplitude, and the readout of other objects along the propagation path suffers from this reduced signal. Here we show in two experiments that nondiffracting and self-healing Bloch surface waves can be launched using a Fresnel axicon (i.e., fraxicon). First, we visualize the generation of an array of multiple focal spots by scanning near-field optical microscopy in the infrared. With a second device operating in the visible, we demonstrate the self-healing effect directly using a far-field readout method by placing metallic nanoantennas onto the multiple focal spots of the fraxicon. Our study extends the versatile illumination capabilities of surface wave systems.
T wo-dimensional (2D) surface wave devices have been demonstrated for a variety of applications in the realm of miniaturized optical systems [1] [2] [3] [4] . They are appealing as they offer strong field confinement at the interface between the device surface and the external medium. Especially in the context of sensing devices, a multitude of surface wave components for focusing and beam steering have been intensively investigated 5, 6 .
Bloch surface waves (BSWs) are a particularly important type of surface waves as they offer a long propagation length and can easily be manipulated in their propagation characteristics. Particularly, the first aspect makes BSWs distinct compared to other surface waves such as surface plasmon polariton (SPP). SPPs are sustained at the interface between a dielectric and a metal and usually have a limited propagation length due to absorption in the metal 7, 8 . BSWs are supported by a dielectric multilayer serving as a one-dimensional (1D) photonic crystal (PC) 9 . For one half space, the band-gap of the 1D PC forbids propagation into the multilayer structure, because the frequency of a BSW is located within the photonic band-gap. In the other half space, the field will also be evanescent because the propagation constant of the BSW will be outside the light cone of the outer medium. By placing an additional layer on top of the 1D PC, called the element layer, the propagation and dispersion of the BSWs can be manipulated by choosing a suitable thickness and selecting a proper material with a given permittivity. The finiteness of the multilayer structure causes some radiation losses in the experiments. However, a spurious radiation loss is also essential as it allows the excitation of BSWs via frustrated total internal reflection in the Kretschmann configuration 10 .
Isotropic dielectric media support BSWs. Thus, a wide range of materials are available and various ambient media can be applied. Over the past decade, different BSW platforms have been established in the visible 11, 12 , near-infrared (IR) [13] [14] [15] [16] [17] [18] [19] , and mid-IR 20 spectral ranges. The lossless dielectric media ensure a long propagation length compared to SPPs. As an example, a propagation length of 3.24 mm for a BSW at a wavelength of 1558 nm was experimentally demonstrated 13 .
Thanks to these promising characteristics of BSWs, numerous researches have been inspired in recent years. For instance, many possibilities for beam manipulation of the propagating BSWs are investigated, e.g., a prism for the refraction effect of the BSW 14 , waveguide components [15] [16] [17] , a plano-convex lens 18 , and a photonic nanojet focuser 19 . All these devices are realized by spatially patterning the element layer. The patterned element layer leads to local changes of the dispersion relation of the BSW which controls the way it propagates by a contrast in the effective refractive index. More sophisticated devices, such as linear 11, 21 and circular 12 grating couplers, disk resonators [22] [23] [24] , a gradient index Luneburg lens 25 , a nanofiber for 1D confinement 26 , BSW polariton devices 27, 28 , and subwavelength grooves for the magnetic spin-orbit interaction 29 , have been already demonstrated. Recent research has stretched the application of BSW devices for fluorescence detection 12 , for bio and chemical sensing [30] [31] [32] [33] , and to control the properties of surface plasmons 34, 35 .
In the in-plane illumination scheme of surface waves, there is, however, a fundamental drawback: any small object, e.g., specimens under test, located in the propagation path of surface waves behaves as an obstacle. Therefore, the incidence surface wave is scattered out of the plane and the surface wave after the object is substantially weakened and perturbed. This prohibits the surface wave to reach the spatial domain behind the object. The 2D nondiffracting surface waves, which resemble Bessel beams 36 in three-dimensional (3D) space, can mitigate this issue and have been recently demonstrated by using crossed grating couplers for SPPs 37 and BSWs 38 . In SPP devices, other components, such as stripe launchers 39 and a 2D axicon 40 , have also been investigated for the generation of nondiffracting surface waves.
We look here on the problem from a different perspective and highlight the merit of a spread of multiple beams. When generated in a controlled manner with self-healing properties, such multiple beams are perfectly suited for addressing distributed objects. Manifold applications are within reach, such as simultaneous sensing and optical trapping of multiple specimens at different locations. We here take advantage of the concept of a nondiffracting self-healing beam which can be generated by an axicon lens 41 . While axicons produce a single nondiffracting beam, the generation of multiple beams can be obtained by applying the notion of a Fresnel lens to an axicon, termed fraxicon 42 . Fraxicons generate multiple on-axis nondiffracting beams in 3D space which are formed by constructive and destructive interference along the optical axis.
In this contribution we adapt the fraxicon concept to the BSW platform with the purpose to generate multiple self-healing BSW beams. To directly image the self-healing BSW in our work, we conduct initial experiments with suitably designed samples at near-infrared wavelengths, where our scanning near-field optical microscope (SNOM) operates. To probe the ability of the BSW to be restored after interaction with obstacles, we conduct a second set of experiments at visible wavelengths with a suitably designed plasmonic nanoantenna array for a simultaneous readout of multiple spots in the far-field. This hybrid device concept can be extended for more complex manipulations of the BSW using 2D diffractive optical elements or meta-structures.
Results
Experimental setup for prism coupling. The experiments described in this study are based on a Kretschmann configuration 10 for surface wave excitation via frustrated total internal reflection. The schematic of our experimental setup is shown in Fig. 1a , which includes multilayer structures, a fraxicon element, a prism coupler, and a fiber SNOM probe. For near-field investigations, we use the BSW multilayers optimally designed for the SNOM operating wavelength at λ = 1555 nm, where the fraxicon element is made of a 47 nm TiO 2 layer. For the demonstration of simultaneous triggering of an array of gold nanoantennas, we design multilayers for λ = 660 nm in order to obtain an enhanced response of the gold nanoantennas and to allow the far-field readout under a standard optical microscope. For this wavelength, the fraxicon is made of 30 nm Si 3 N 4 layer, depicted in the device schematic on the prism coupling setup in Fig. 1b .
Near-field investigation of 2D fraxicon at λ = 1555 nm. To characterize a fraxicon device, we first describe its operating principle, which can be explained in analogy to an axicon. The schematics and working principles of axicon and fraxicon devices are shown in Fig. 2 . A 2D axicon device has a form of an isosceles triangle as a cross-section of a 3D axicon, which has a form of a conical prism (see Fig. 2a, b) . By applying the concept of a Fresnel lens on the axicon device, we can obtain a fraxicon. The crosssection of the 3D fraxicon leads to the 2D fraxicon that consists of two arrays of right-triangular segments touching in the middle (see the device schematics in Fig. 2c, d) .
The way an axicon produces a nondiffracting beam relies on the interference effect of two tilted waves, i.e., refracted waves emerging from the slopes of each side. The overlap area of these two tilted waves forms a diamond shape as highlighted by a red diamond in Fig. 2b . Under normal incidence, the incidence angle to the slope θ i equals the base angle θ b , i.e., θ i = θ b . Snell's law leads to the refraction angle θ r of the refracted beams emerging from the slopes of the axicon,
where n 1 and n 2 are the refractive indices of the axicon and the surrounding medium, respectively. The maximum propagation distance Z max is defined by the major axis length of the diamondshaped work space,
Z max can be controlled by the base length B and base angle θ b of axicon devices, which vary the size of the diamond-shaped work space. For instance, while the height H of the axicon is kept constant, a larger B leads to a smaller θ r and a longer propagation distance Z max . This modus operandi is adapted for the fraxicon device, as shown in Fig. 2d . When a plane wave illuminates a 3D fraxicon, it generates multiple on-axis bright spots periodically separated by dark zones 42 . For a 2D fraxicon, the array of micron-size sub-segments leads to diffraction of light as a grating device, which spreads the incidence wave in space and generates 2D patterns of bright spots. Similar to the axicon, the overlap of two tilted waves is the key for the self-healing properties. Therefore, the lateral extension of the fraxicon and the base angle define the diamond-shaped work space the same as the axicon.
Since the lateral extension of the BSWs can be enlarged by a large incident beam without hindering a long propagation length, the scalability of 2D fraxicon devices on the BSW platforms is not fundamentally limited. For the commodity of experiments, we employ here a finite-sized fraxicon device to obtain finitely localized work space of self-healing beams. For the design parameter variations, we apply a 2D simulation method (see details in Methods section). The device architecture with the multilayer and the 2D fraxicon made of TiO 2 for λ = 1555 nm is shown in Fig. 1a . It is found that a moderate refraction angle θ r tends to generate uniform and an axially symmetric beam shape. When the refraction angle is too large or too small, the nondiffracting beams start to converge or diverge, respectively. The main reason is that the diffraction at edges of a small-size (i.e., micron-size) element is strong enough to break the Schematics of axicon and fraxicon devices. a A 3D axicon (i.e., a conical prism) and b its cross-section leading to a 2D axicon, where Z max is the maximum propagation distance of a nondiffracting beam, θ b the base angle of the axicon, θ r the refraction angle of the refracted beam emerging from the axicon, H the height of the axicon, and B the base length of the axicon. Here, the effective work space of the axicon is the overlap of two refracted waves emerging from each slope of the isosceles triangle (see the red diamond). When the concept of a Fresnel lens is applied to the axicon, c a 3D fraxicon is formed by concentric conical rings and d its cross-section leading to a 2D fraxicon. Within the diamond work space, exemplary intensity distributions of each device are presented symmetric beam pattern of the two-beam interference. The optimal design is obtained for θ r around 5°, i.e., when the base angle θ b equals 45°. The fraxicon consists of two arrays of eight right triangles touching in the middle, i.e., x = 0 μm, where each segment of the right triangle has dimensions of width (w) = height (h) = 5 μm, resulting in θ b = 45°. It leads to a size of the complete device of 80 μm in x and 5 μm in z-direction. Figure 3a shows the simulated intensity E x j j 2 þ E z j j 2 À Á distribution behind the fraxicon using the 2D simulation, where the designed fraxicon is depicted in the bottom, i.e., z = 0 to 5 μm. As expected, multiple self-healing spots are populated within the diamondshaped work space depicted by yellow solid lines. For the experimental verification, the fabricated fraxicon on the 1555 nm multilayer platform is characterized by the SNOM. A collimated transverse electric (TE)-polarized beam of λ = 1555 nm is used as illumination at the excitation angle for the BSW, θ = 56.4°inside the glass prism. The custom-made SNOM is equipped with a metal-coated fiber tip with an aperture size of 200 nm and scans over the device area. Since the maximum scanning range of the SNOM is 100 μm, we set the measurement window to the bottom half of the diamond-shaped work space as depicted by a white dotted rectangle in Fig. 3a . The measured near-field intensity distribution in Fig. 3b demonstrates the generation of multiple self-healing beams.
Along the optical axis, i.e., the z-axis at x = 0 μm, in Fig. 3a , b, the main feature of the fraxicon is well demonstrated by on-axis bright spots periodically separated by dark zones. As anticipated for the 2D optical system, there are also more spots emerging outside the optical axis. In 3D systems, the rotational symmetry tends to concentrate the incidence wave only on the optical axis. In contrast, the merit of 2D systems emerges by distributing the incident light also out of the optical axis. For the quantitative comparison, we extract transverse intensity profiles along six spots, as depicted by white dashed lines in Fig. 3a, b . These 3 Intensity distribution of the fraxicon in the x-z plane. a The result of the 2D simulation and b the near-field measurement using a custom-made scanning near-field optical microscope (SNOM) at λ = 1555 nm. The designed fraxicon consists of two arrays of eight right triangles (w = h = 5 μm) meeting at x = 0 μm. Since the maximum scanning range of the SNOM is 100 μm, the measurement window is reduced accordingly, covering approximately an extent of 90 μm behind the fraxicon (see the white dotted box in (a)). Imperfection of the collimation and a minor alignment error in the SNOM measurements caused a tilt of 15°of the propagation axis with respect to the reference x-z coordinate system in (b). c The extracted transverse intensity profiles over six spots are marked by white dashed lines in (a, b) transverse intensity profiles are plotted together in Fig. 3c . Imperfection of the collimation and a minor alignment error in the SNOM measurement caused a tilt of 15°of the propagation axis with respect to the reference x-z coordinate system. To compensate this tilt error, the SNOM intensity profile is scaled by cos 15°, and afterward it is laterally shifted to overlap with the simulation result. Except small deviations of the peak intensity of each spot, which are caused by aforementioned experimental errors, the measured SNOM data agree very well with the 2D simulation result, proving the validity of our design approach. In the next section, we will apply such self-healing multiple BSW beams to simultaneously trigger an array of gold nanoantennas in a dark-field scheme, using a different device platform optimized for supporting the plasmonic response of gold in visible wavelengths.
Far-field readout of self-healing BSW by gold nanoantennas. For an improved plasmon resonance of the nanoantennas and far-field characterizations in this task, multilayers are designed for the visible spectrum at λ = 660 nm. Here, the element layer is made of a 30 nm thick Si 3 N 4 layer. In order to preserve the refraction angle for the fraxicon, the index contrast Δn eff of this platform is kept comparable to that of the 1555 nm platform, i.e., Δn eff = 0.1. However, the shortened wavelength and different effective indices (i.e., n eff1 = 1.22 and n eff2 = 1.12) require new designs for the fraxicon. By 2D simulations, we obtain an optimal fraxicon device that conserves the refraction angle θ r around 5°. Each array of segments consists of 15 right triangles of w = 2 μm and h = 1.8 μm, leading to θ b = 42°and a fraxicon lateral extension of 60 μm. From the simulated intensity distribution behind this newly designed fraxicon (see Supplementary Fig. 1 and Supplementary Note 1), we can obtain the position of the self-healing BSW beams, where gold nanoantennas will be placed. Here, we employ a pair of upside-down triangles for the gap antenna. Detailed antenna design processes are presented in Supplementary Note 2, where designs of a bowtie and a pair of diamonds and upside-down triangles (see Supplementary Fig. 2 ) are compared while illuminated by a photonic nanojet focuser (see Supplementary Fig. 3 ) to monitor enhanced responses of a single antenna. Compared to the conventional bowtie antennas, the upside-down triangle pair shows better field confinement at the gap location for a wider range of the aspect ratio variations, i.e., the length L over the height H of the antenna segment (see Supplementary Fig. 4 ). The antenna with nominal dimensions of L = 140 nm, H = 70 nm, and a nominal gap of 10 nm will be placed on the position of each self-healing BSW beam. With metallic nanoantennas, even the simplified 2D simulations become more complex. Therefore, in order to acquire reasonable results, we reduce the region of interest to the first five rows of the multiple spots (see the design layout in Supplementary Fig. 5 ). The 2D simulation result with the antenna array confirms that the illumination self-healing beams are effectively addressing the antennas. However, since the gap size of 10 nm is too small with respect to the entire simulation space (i.e., 80 μm by 60 μm in the x-z plane), the precise data analysis of the antenna array in such a large simulation is not feasible.
While the illuminating surface wave is evanescent and does not reach the far-field, the confined hotspot in the gap of the antenna will be scattered to all directions. Therefore, the response of the antenna array can be examined by a far-field detection without the SNOM measurements, strongly simplifying the readout of BSWs. For the experimental demonstration, we fabricate the BSW fraxicon device with the gold nanoantenna array. First, we pattern the nanoantennas and fiducial marks with a 40 nm thick gold layer on 5 nm of chromium for adhesion on top of the multilayer chip by electron-beam lithography (EBL) and followed lift-off process. Those metallic fiducial marks are essential for aligning the fraxicon device with respect to the position of the antenna array in the second EBL process. Second, the patterned fraxicon in the resist layer (ma-N 2403, Micro Resist Technology GmbH) is transferred to the 30 nm thick element layer of Si 3 N 4 by reactive-ion etching (RIE). Details concerning the fabrication processes are described in the Methods section. Figure 4 shows a scanning electron microscope (SEM) image of a fabricated device consisting of the fraxicon device (30 nm thick Si 3 N 4 ) and the nanoantenna array. In order to avoid a charging effect during SEM imaging, a thin conductive layer (Espacer, Showa Denko K.K.) is spin-coated on the fabricated device.
Although the dimensions deviate from the original design (i.e., L = 140 nm, H = 70 nm, and a nominal gap of 10 nm), in the gap still a relatively strong confinement is observed which can be easily detected in the far-field. In addition, the responses of the fraxicon and nanoantenna array are not significantly perturbed by minor surface imperfections, which are visible in the SEM image. For the experiment, we launch the BSW with a collimated λ = 660 nm laser beam in the Kretschmann setup with an excitation angle of θ = 50°inside the glass prism. To cover the 60 μm wide fraxicon device, the excitation beam has a diameter of approximately 100 μm. The excitation position is 100 μm behind the fraxicon. The far-field image of the simultaneously triggered antenna array is shown in Fig. 5a , which is captured by a 100x NA0.9 microscope objective and a complementary metal-oxidesemiconductor (CMOS) image sensor (Mightex Systems, 1280 × 1024 pixels with pixel resolution of 5.2 μm). To compare with the non-self-healing illumination, we illuminate the antenna array with the propagating BSW from the other direction. Like this, the BSW does not pass the fraxicon and illuminates directly the antenna array (see the result in Fig. 5b) . This non-self-healing illumination scheme shows that the responses of the antennas in the back rows are weaker than the case of the self-healing illumination in Fig. 5a . For a quantitative evaluation, we extract the mean intensity of spatial integration of 7 by 7 pixels from the antennas position in each row from Fig. 5a , b, and plot the average of each row in Fig. 5c . The extracted data were normalized to the maximum value of the average of each row. The far-field imaging relies on the capability of the objective lens and accordingly the diffraction limit is the performance barrier which smears out the sharp resonance of the antenna response. Here, our attention lies on comparing the relative response of the antennas in each row, which verifies that the self-healing BSW beams can simultaneously deliver comparable energy to all the antennas or not. Figure 5c clearly shows that the self-healing multiple BSW beams lead to comparable responses from all the rows, while the non-self-healing illumination gradually drops the antenna response over the rows.
Discussion
We propose and demonstrate a BSW manipulation technique which can generate multiple self-healing surface wave beams using a 2D fraxicon device. First, we investigate the response of the designed fraxicon device by near-field measurements using a custom-made SNOM at λ = 1555 nm. The SNOM visualizes the existence of multiple self-healing BSW beams which are numerically anticipated by 2D and 3D simulations. Second, after verification of the performance of the 2D fraxicon on the BSW platform, we apply such multiple self-healing beams to simultaneously trigger an array of gold nanoantennas. This also demonstrates the hybrid integration concept combining the BSW platforms and plasmon devices. Since the visible spectrum leads to better resonance responses for the gold nanoantennas, we employ a multilayer device designed for λ = 660 nm. A pair of upside-down triangles is used for the gap antenna design, which shows robust behavior over wider variation of the segment size. The far-field readout of the antenna response demonstrates the self-healing properties of the 2D BSW fraxicon and the dark-field illumination scheme. Compared to the case of non-self-healing illumination, all the antennas in the array are evenly illuminated by the fraxicon, showing the antennas in the back rows with strong signals. Without losing the self-healing properties, such multiple nondiffracting BSW beams can also equally illuminate an array of dielectric scatterers distributed on the top surface of the device at the cost of weaker far-field scattering signals. This concept can be extended for more complex manipulations of the BSW using 2D diffractive optical elements and 2D metastructures. Finally, the fabricated hybrid device of the BSW and plasmon antennas can be useful for addressing multiple nano-size specimens in the sensing and optical trapping applications.
Methods
Multilayer design. Multilayers are designed for TE polarization which is parallel to the x-axis in the notation applied in this work. The multilayer design has been performed by calculating the band-gap diagram and dispersion curves using a transfer matrix method 9 . More details can be found in Supplementary Note 3. The beam manipulation relies on the effective refractive indices of the multilayer platform with and without the element layer. Their difference leads to the index contrast in the dispersion relation of the BSW. Here, the effective refractive index of the BSW is defined by n BSW = cβ/ω, where c is the speed of light in vacuum, ω the angular frequency, and β = k sin θ the propagation constant of the surface mode, with k the propagation constant in the glass substrate and θ the incident angle in the Kretschmann configuration.
Multilayer platform for λ of 1555 nm. The multilayer stack consists of six periods of silicon nitride (Si 3 N 4 , n Si3N4 = 1.94, t = 283 nm) and silicon dioxide (SiO 2 , n SiO2 = 1.468, t = 472 nm) layers, where t denotes the thickness. An additional 50 nm thick layer of Si 3 N 4 is deposited on the periodic stack as an optional defect layer to manipulate the initial dispersion. The element layer is a 47 nm thick titanium dioxide layer (TiO 2 , n TiO2 = 2.23) which is patterned to form the fraxicon element. The total thickness of the multilayer stack is approximately 4.6 μm. The calculated band-gap diagram and dispersion curves are shown in Supplementary Fig. 6a . At the target wavelength, the reflectance curves for the multilayer platform with and without the element layer are shown in Supplementary Fig. 6b , where the position of the reflectance dip indicates the effective indices with and without the element layer, n eff1 = 1.3 and n eff2 = 1.2, respectively, resulting in the index contrast Δn eff = 0.1. Multilayer platform for λ of 660 nm. The multilayer design for a target wavelength of 660 nm consists of four periods of silicon nitride (Si 3 N 4 , n Si3N4 = 1.99, t = 125 nm) and silicon dioxide (SiO 2 , n SiO2 = 1.475, t = 175 nm) layers. For this design, an additional 30 nm thick layer of Si 3 N 4 is used as the element layer, which is patterned to form the fraxicon element. No special defect layer has been used in this case. The total thickness of the multilayer stack is approximately 1.23 μm. The corresponding dispersion curves and band-gap diagrams are shown in Supplementary Fig. 7a . The reflectance curves with respect to the effective index are plotted in Supplementary Fig. 7b , showing n eff1 = 1.22 and n eff2 = 1.12. The effective indices of the multilayer with and without the element layer are designed to have a comparable index contrast to that of the 1555 nm platform, i.e., Δn eff = 0.1.
Numerical modeling. For rapid design variations, numerical calculations are conducted by 2D simulations which are confirmed by 3D full-wave modeling (see Supplementary Note 4) and SNOM measurements in Fig. 3 . In 2D, we consider a scalar field (the magnetic field component in y-direction) to propagate in the x-z plane of a medium characterized by the spatial distribution of the effective refractive index according to the spatial distribution of the patterned element layer. This simplification is similar to a comparable method for waveguide systems 43 . Consequently, the multilayer stack is not included in those 2D simulations, in contrast to 3D full-wave simulations. This 2D model mimics the propagation of the BSW along the surface. 44 . The low deposition rate (0.069 nm/cycle) and the conformity of the ALD technique are well known for providing a great control of the film thickness and the generation of outstanding homogeneous layers 45 . The two precursors used in the TiO 2 deposition process are titanium tetrachloride (TiCl 4 ) and water (H 2 O), and the process temperature is 120°C.
The patterning of this TiO 2 element layer was performed by EBL (Vistec EBPG 5000+ ES HR). A chromium (Cr) layer was first evaporated (LAB18, Kurt. J. Lesker) and a resist (hydrogen silesquioxane (HSQ)) layer was spun on the sample. The resist was then exposed to the electron beam for the writing of the geometry, and developed using a solution of AZ 351:H 2 O (1:3) developer. The geometry is then transferred to the Cr layer by inductively coupled plasma reactive-ion etching process (ICP-RIE, PlasmaLab 100 by Oxford) under chlorine (Cl) and oxygen (O 2 ) gases. The structure is finally transferred to TiO 2 element layer by a second etching step (ICP-RIE under SF 6 and argon, PlasmaLab 80 by Oxford). The remaining Cr was removed by wet etching.
Fabrication of 660 nm platform with gold nanoantennas. For the multilayer platform, four periods of Si 3 N 4 and SiO 2 are alternately deposited on a fused silica substrate using PECVD (PlasmaLab 80 Plus by Oxford). An additional 30 nm thick layer of Si 3 N 4 is deposited as the element layer which is different from the previous section, where TiO 2 is the element layer. Used precursor gases are silane (SiH 4 ), ammonia (NH 3 ), and nitrous oxide (N 2 O), and the process temperature is 300°C.
Prior to the patterning of the Si 3 N 4 element layer, we pattern the gold nanoantenna and fiducial marks with a 40 nm thick gold layer on 5 nm of chromium for adhesion on top of the multilayer chip. For this gold layer patterning, we use a two-layer PMMA (poly(methyl methacrylate)) resist system (PMMA 600 K (2%) AR-P 662.04 and PMMA 950 K (2.25%) AR-P 672.045) with a total thickness of around 120 nm. To avoid charging of the dielectric samples during the EBL process, a conductive polymer (Espacer, Showa Denko K.K.) is spun on the sample which renders the conductivity for the dielectric materials. After the PMMA resist patterning, we deposit 5 nm chromium and 40 nm gold in a thermal evaporator for a subsequent lift-off step in acetone. For the Si 3 N 4 layer patterning, we use ma-N 2403 (negative electron-beam resist, t = 340 nm) together with an adhesion promoter (TI Prime). Espacer is applied on the sample to avoid charging of the dielectric layer during the EBL. Developed patterns of ma-N 2403 are transferred to the Si 3 N 4 layer by plasma etching (Oxford RIE 80): CHF 3 +O 2 RIE plasma for 30 s with the etch rate of Si 3 N 4 = 1 nm/s. Subsequently, the remaining resist is removed by O 2 plasma.
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